Direct fast-neutron detection is the detection of fast neutrons before they are moderated to thermal energy. We have investigated two approaches for using proton-recoil in plastic scintillators to detect fast neutrons and distinguish them from gamma-ray interactions. Both approaches use the difference in travel speed between neutrons and gamma rays as the basis for separating the types of events. In the first method, we examined the pulses generated during scattering in a plastic scintillator to see if they provide a means for distinguishing fast-neutron events from gamma-ray events. The slower speed of neutrons compared to gamma rays results in the production of broader pulses when neutrons scatter several times within a plastic scintillator. In contrast, gamma-ray interactions should produce narrow pulses, even if multiple scattering takes place, because the time between successive scattering is small. Experiments using a fast scintillator confirmed the presence of broader pulses from neutrons than fi-om gamma rays. However, the difference in pulse widths between neutrons and gamma rays using the best commercially available scintillators was not sufficiently large to provide a practical means for distinguishing fast neutrons and gamma rays on a pulse-by-pulse basis. A faster scintillator is needed, and that scintillator might become available in the I%ture. Results of the pulse-width studies were presented in a previous report (pew-rung et al. 1998) , and they are only summarized here.
We have also investigated a second method for detecting fast neutrons. This method uses the concept of a "low-density" plastic scintillator to increase the travel distances between scattering events and thus make it easier to distinguish neutrons from gamma rays. In its simplest configuration, this method uses two scintillators separated by an air gap to make a timeof-flight (TOF) measurement. Neutrons (even fast neutrons) will take a significantly longer time to travel across the gap from one scintillator to the other than will gamma rays. In addition, the flight times for neutrons will vary according to the neutron energy. Experimental results show that TOF measurements are capable of distinguishing neutrons sources having sufficiently different energy spectra (in particular, (ct,n) reactions on Be with average neutron energy of about 4.5 MeV, fission sources with energy about 2 MeV, and (qn) reactions on Li with energy less than 1 MeV). A possible application for the TOF measurement is distinguishing between Pu metal (spontaneous fission neutrons) and PU02 (spontaneous fission and (ct,n)) in weapons component inspection. TOF measurements on a small weapons-grade PU02 source showed a clear difference from a 252Cfsource (spontaneous fission) spectrum. The detection efficiency for neutrons from a PuBe or 252Cfsource was about 1 percent for those neutrons that were incident on the first of two plastic scintillators (30x30 cm) separated by a 20-cm air gap. The detection efficiency for fast neutrons fl-omPuBe or 252Cfwas about 100 times more than from low-energyneutron sources such as PuLi. This suggests that TOF could be useful in counting inducedfission neutrons from uranium in the presence of an active source of low-energy neutrons.
Reference . Direct Fast-Neutron Detection: a Progress Report, PNNL-1 1994, Pacific Northwest National Laboratory, Richland, Washington. 
Introduction
Fast neutrons are often detected by first moderating (slowing) them to thermal energies where they can react more readily in certain detectors, such as gas-filled tubes containing 3He or BF3. Fast neutrons are generally slowed by using a hydrogenous moderating material, such as polyethylene, where successive collisions between the neutron and hydrogen atoms efficiently transfer energy away from the neutron. However, during the slowing-down process the information on the original energy of the neutron, its direction of travel, and the time of emission is lost, For many applications, the detection of "fret" neutrons that retain this information is highly desirable.
Plastic scintillators offer one method for detecting fhst neutrons. However, gamma rays can also interact in the plastic scintillator, and in mixed neutron and gamma-ray radiation fields, distinguishing neutrons from gamma-rays becomes the pre-eminent task. Our work on fmt neutron detection with plastic scintillators uses the difference in speed with which neutrons and gamma rays travel as a means for distinguishing the two types of radiation. The relatively slow speed of even fast neutrons, in comparison with the speed of light at which gamma rays travel, offers a possible mechanism for distinguishing neutrons from gamma rays in plastic scintillators. Neutrons having an energy of 1.0 MeV travel at a speed of 1.4 cndns, whereas gamma rays travel at 30 cmhs. The difference in speeds should make it possible to distinguish neutrons that scatter several times within a plastic scintillator from gamma-ray events (whether they scatter once or multiple times). The time interval between successive scattering of fast neutrons in a single piece of plastic is about 3 ns, whereas for gamma rays successive interactions should occur in less than 1 ns. If the plastic scintillator has a sufficiently short fluorescence lifetime, and the emitted light is detected and converted to an electrical pulse quickly enough, it might be possible to identi~neutrons based on multiple scattering. Thus a neutron could be characterized by successive pulses separated in time by about 3 ns. In a real detection system, the successive pulses may appear as a single, broad pulse, which hopefidly could be distinguished from a narrow, gamma-ray pulse. This method is a time-of-flight (TOF) measurement, but in an unconventional sense, with very short time intervals being measured in a single scintillator. Our test results using this technique have been presented previously (Peurrung et al. 1997; Peurrung et al. 1998; Reeder et al. 1998; Hansen et al. 1998) . These results are summarized in Section 3.0 (Pulse Shape Analysis) of this report. However, no commercial plastic scintillators have been found with a short enough fluorescence lifetime to allow practical separation of fast-neutron and gamma-ray events.
In the absence of a sufficiently fhst scintillator to dist&uish neutrons and gamma rays using pulse width, we have explored an alternative method that uses a "low-density" scintillator to extend the flight distance and time between successive scattering. In its simplest configuration, this technique uses two pieces of plastic scintillator separated by an air gap. This method is a traditional TOF measurement, and the scintillators and photomultiplier tubes do not need to have a particularly fmt response. With the two separated scintillators, the experimental challenge is to maintain good neutron detection efficiency while achieving sufficient discrimination between neutron and gamma-ray flight times. In Section'4.O (Time of Flight), we ...... ,,~...,, ..
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describe our experiments to measure the detection efficiency of this detection technique and distinguish between fast-neutron sources having different energy spectra.
Liquid scintillators using pulse-shape analysis area possible alternative to plastic scintillators for detecting fhst neutrons (Knoll 1989) . However, the degree of discrimination they offer against gamma rays is inadequate for fission-related events when the gamma-ray flux is large. Also, liquid scintillators produce relatively long pulses, and the performance in high count rates is limited by pulse pileup.
1.2
Applications for Fast Neutrons
The applications of interest for this work involve the detection of fast neutrons emitted from special nuclear material. Some isotopes of plutoni~have sufficiently large neutron~elds from spontaneous fission that these isotopes can be detected using neutrons. The amount of plutonium can be measured if information on the specific isotopes present is available. Although uranium does not spontaneously fission, it can be induced to fission by the addition of a neutron source. Sources of low-energy neutrons, such as AmLi with an average energy of about 0.3 MeV, can be used to induce fission in 235 U. The fast neulrons produced by fission can be distinguished from the source neutrons by their energy if a fret-neutron detector is available and an energy discriminator excludes the low-energy neutrons.
Neutron coincidence counters (Reilly et al. 1991 ) provide a means for measm%g the fission rate from a source. These coincidence counters typically use 3He tubes embedded in polyethylene to count the neutrons after they have been moderated to thermal energy. Although the neutrons are emitted from the source in coincidence, they take about 50 ps to slow down, and they lose their tight time correlation. As a result, a much wider time window must be used to determine coincidence than would be required if the neutrons were detected directly as fmt neutrons (when timing of only a few nanoseconds would be possible). The wide time window necessary when measuring thermal neutrons greatly increases the background flom chance coincidences. Segmented fast-neutron detectors can fulfill the fimctions of the traditional neutron coincidence detectors with greatly reduced accidental coincidence rates.
Pulsed neutron sources, such as accelerators and source shufflers, are also used as interrogating sources to induce fission. The rate of die-away of neutrons after the interrogating source is removed gives a measure of uranium based on the induced fission neutrons. The prompt timing possible through fast-neutron detection should make possible the coincident detection of fission neutrons and allow faster pulse repetition rates. After a few collisions, the interrogating neutrons will have energies less than 0.5 MeV and will not be detected whereas the more energetic fission neutrons will be detected.
The incident direction of fast neutrons can be determined using special configurations of fast-neutron detectors. In contrast, thermal neutrons have lost most of the Mormation about their original direction of travel because of the multiple scattering they undergo in the process of being converted from fmt to thermal energy. The directional tiormation inherent in unscattered, fast neutrons can be used to determine the direction to unknown source locations and perhaps also create images of fast-neutron-emitting so~ces. In general, directional measurements of fast neutrons can be made by recording scattering angles and flight times for the fast neutrons between separated scintillators. Coded-amay~anier et al. 1995) technology, which uses a mask to create a specific shadow pattern from a point source, maybe viable for imaging the distribution of fast-neutron sources.
Pulse Shape Analysis
This section presents a brief summary of the results of the investigation of individual pulses produced during multiple scattering of neutrons in a single piece of plastic scintillator. A full discussion of the pulse-shape work is contained in a previous report ).
Computer simulations with the code MCNP (Briesmeister 1993) indicated that it should be possible to distinguish neutron-related events flom gamma events when the neutrons undergo multiple recoils in a piece of plastic scintillator. Neutron events corresponding to multiple scattering within a scintillator should be characterized by broader pulses because they are a convolution of successive, individual pulses separated in time. To determine if these multiple neutron-scattering events could actually be detected based on broadened pulse width, experiments were conducted with fast plastic scintillators. Figure 3 .1 shows the experirnentã rrangement for these tests. A scintillator (BC428, with a decay time constant z = 1.4 ns) was coupled to a fast photomultiplier tube (PMT; Hamamatsu R2083, z = 0.7ns). The scintillator was 5.1 cm in diameter and 7.6 cm long. The output pulse from the photomultiplier tube went directly to a digital storage oscilloscope (Tektronix TDS 684B). The individual pulses were captured by the scope and passed to a computer for analysis. 
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The principal aroma-ray source used to determine the pulse width was 137Cs,and the neutron source was 25 # Cf. To avoid analysis of gamma rays horn 252Cf,a TOF measurement was performed using an additional scintillator to provide the "start" signal from a 252Cffission. Events occurring at a proper time delay (about 10 ns for a flight distance of 15 cm) for neutron travel were analyzed to measure the pulse widths for neutrons. Garmna-ray pulses from the 25zCf source had flight times of only about 0.5 ns.
The computer collected, stored, and calculated the widths of the gamma-ray and neutron pulses, Figure 3 .2 shows 100 gamma-ray pulses sorted by increasing pulse width. The pulses in the figure are negative, with a rapid fall and a more gradual rise back to the baseline. Figure 3 .3 shows 100 neutron pulses having similar amplitudes to the gamma-ray pulses, again sorted by
pulse width and plotted on the same time scale as the gamma rays in the previous figure. The gamma-ray and neutron pulses appear quite similar. Because of the relatively small size of the plastic scintillator, only about 10% of the neutron pulses in Figure 3 .3 might be expected to correspond to multiple scattering events of a neutron in the scintillator. Hence, it is reasonable that most of the gamma-ray and neutron pulses have similar widths. In the experimental data, the average width of the widest 10% of neutron pulses is 5.2 ns. For the gamma-ray pulses, the average width of the widest 10°/0pulses was 4.3 ns. This result is consistent with the concept that multiply scattered neutrons should produce wider pulses than the gamma rays. However, the difference in widths does not appear to be sufficient to allow practical identification of neutron events on a pulse-by-pulse basis. When all 100 pulses are averaged, the neutron pulseshave a width of 3.5 ns, and the gamma-ray pulses have a width of 3.3 ns. The main difficulty in distinguishing neutron and gamma-ray pulses is that the gammaray pulses are unexpectedly wide. The gamma-ray pulses also show structure (multiple humps). The broadness of the gamma-ray pulses does not appear to be due to the data collection system. This was checked by recording Cerenkov pulses produced by beta particles from 90Sr/% traveling though ordinary (non-scintillator) plastic. Figure 3 .4 shows 100 Cerenkov pulses, all of which are narrow, with an average width of 1.4 ns. This width indicates that the signal processing system from the photomultiplier tube on through the remaining electronics is working as expected and not artificially broadening the gamma-ray pulses.
Other scintillators, such as BC422 and quenched types, have been tested, but they also do not provide the neceimry performance to distinguish multiply scattered neutrons from gamma rays on a pulse-by-pulse basis. It appears that a faster scintillator than is now commercially available is needed. Such a scintillator would hopefilly produce light quickly enough so that gamma-ray pulses will be significantly shorter than those from multiply scattered neutrons.
3.2 
Time-of-Flight
An alternative approach for distinguishing gamma rays from multiply scattered neutrons is to stretch the neutron interaction time between successive scattering. One way to do this is to have a "low-density" scintillator array made of two or more plastic scintillator pieces separated by an air gap. Figure 4 .1 shows the arrangement of two scintillator blocks separated by a gap. The TOF between the scintillators serves to distinguish neutrons from gamma rays. me scintillators in this arrangement do not need to have a particularly f~t response because light is collected separately from each scintillator. Alternative configurations of multiple scintillators are also possible, and they can be optimized for specific applications. The two-slab scintillator configuration has some inherent directional sensitivity. When neutrons scatter from protons, the permissible scattering angles range from 0°to 90°(lab coordinate system). For the configuration shown in Figure 4 .1, if the thinner detector is used to start a time-to-amplitude converter (TAC) and the thicker scintillator to stop the TAC, a neutron arriving from the left will give positive time intervals relative to the prompt (gamma-gamma) coincidences. For the same timing conditions, a neutron arriving from the right will give negative time intervals. A neutron arriving from the left cannot scatter off a proton in the thicker detector and go back to the thinner detector in a single collision. Likewise a neutron arriving born the right can not scatter from the thinner s~intillator back to the thicker one in a single collision. Thus a simple examination of the asymmetry between the number of positive and negative time intervals can indicate born which hemisphere the neutrons arrive. For the TOF measurements, extremely small scattering angles are undesirable because they result in little energy being deposited in the scintillator for detection of the event. Thus the desirable events are those in which the neutron deposits sufficient energy in the fist scintillator block for detection, scatters in a direction that allows it to reach the second block, and then scatters in that block, depositing sufficient energy for detection there also.
The neutron's TOF between two plastic scintillators mess.yes the energy of the neutron remaining afler the neutron has scattered and deposited part of its energy in the first scintillator. Although the flight time does not directly give the initial energy of the neutron, it can be usefid as an indication of the original energy. On average, neutrons with higher initial energy will also have more energy after scattering in the first scintillator than will neutrons with low initial energy.
4.1
Two slabs of BC 408 plastic scintillator (4x30x30 cm and 6x30x30 cm) in the arrangement of Figure 4 .1 were tested using both neutron and gamma-ray sources. The thicknesses of the two scintillators were chosen based on MCNP modeling to optimize the response to neutrons of energy 2 MeV. The greater thickness of the scintillator farthest fi-omthe source provides additional stopping power over that of the first scintillator where only scattering was desired. Four photomultiplier tubes (Hamamatsu R329-02) on each scintillator provided the signals for the TOF measurements between the scintillator blocks. In one configuration, the tubes were placed on a flat side (30x30 cm) of the blocks, and in another configuration, the tubes were on the edges (at the corners that had been cut off to accommodate the tubes). The different positions of the tubes were tested to measure their effects on light-collection efficiency. Data obtained with the photomultiplier tubes on the corners of the blocks showed about 25°/0more counts than those with the tubes on the large, flat surfaces.
Signals from each photomultiplier tube were processed through constant fraction discriminators (EG&G model CF8000, which accepts up to eight inputs). Use of a separate CF8000 for each scintillator block also provided information on the number of tubes detecting an event and the total energy detected in a scintillator. Signals from the constant fraction discriminators were processed by a time-to-amplitude converter that measured the flight time from one scintillator block to the other. For gamma rays, the travel time between two blocks placed 30 cm apart is about 1 ns, and for neutrons of 1 MeV energy, the travel time is about 22 ns. These times are for the minimum travel path between the blocks, and longer times will occur for travel along a slant path. In addition, neutrons will generally have a range of energies and thus a variety of travel times. From classical mechanics the relationship between neutron energy and velocity is~=0.5165 #, where~is neutron energy in MeV, and v is the velocity in crnhs. For neutron energies of a few MeV, this equation is an acceptable approximation for relating neutron energy and velocity.
Various sources were placed at a distance of 30 cm from the front face of the thinner scintillator. The distance from the back face of the thinner scintillator to the front face of the thicker scintillator was either 20 cm or 30 cm. The TAC was started with a pulse fi-omthe thicker scintillator (the lower count rate detector) and stopped with a pulse from the thinner scintillator to minimize the rate of start pulses without corresponding stop pulses. This meant that time intervals due to neutrons from the source incident on the thinner detector gave negative time intervals relative to the prompt coincidence peak. The fidl-scale time range of the TAC was 50 ns. The prompt peak was adjusted using time delays to be centered at Channel 212.5 in a 256-channel pulse height spectrum. The time per channel was measured to be 0.2186 ns/ch by use of a time calibrator module (Ortec 462). The minimum energy neutron that could be measured under these conditions was about 0.15 MeV, which was below the expected energy required for a neutron to give a pulse in the thicker scintillator. from a 239PuBesource (average energy 4.5 MeV). This source emits gamma rays as well as neutrons, and hence peaks for both neutrons and gamma rays are present in the TOF spectrum. The neutron events generally occur at the longer flight times, but some gamma-ray events extend into what is predominantly the neutron region of the spectrum. This tail of gamma-ray events creates "false neutron" counts when a source emits both gamma rays and neutrons. The unwanted gamma-ray events can be reduced by raising the time threshold between neutron and gamma-ray events to longer flight times, but doing this also has the effect of reducing the efficiency for counting neutrons. Figure 4 .4 shows how the false neutron counts from a *37Cssource vary with the tirnethreshold value and with the number of photomultiplier tubes required to detect an event when the scintillator separation distance is 30 cm. Requiring two or more PMTs on a scintillator block to detect an event reduces the.chance for false neutrons. For example, false neutron events are about 104 (i.e., 1 in 10c gamma rays incident on the detector is counted as a neutron) for a @ne threshold of 10 ns (i.e., events occurring with TOF 10 ns or longer are counted as neutrons) when three or four PMTs detect an event. Requiring multiple PMTs also reduces the detection efficiency for real neutrons as shown in Figure 4 .5, which is obtained using data collected for a 239PuBesource. Figure 4 .5 shows that neutron counting efficiency (counts from the TOF system per neutron incident"on detector) is between 0.004 and 0.011 for a time threshold of 10 ns. For events detected by three or more PMTs, the ratio of neutron detection efficiency to false neutrons is about 7500 (from data in 1.00E-02
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1.00E-07 o 10 20 30 llm Threshold (ns) Gamma-Rays Appearing as "False Neutron" Events. The time threshold is the time cutoff above which events are considered to be neutron-related because of their long TOF. Fewer false neutrons occur when multiple photomultiplier tubes detect events, Moving the scintillator blocks closer together increased the neutron detection efficiency while making it more difficult to discriminate against gamma rays. Vlhen the blocks were located only 20 cm apart and using a time threshold of 10 ns, the neutron detection efficiency obtained using a PuBe source was 0.03, and the false neutron event rate was about 5 x 10-5 (compared to 104 for 30-cm separation).
The performance of the two-slab scintillator system was also tested using a 238PuLi neutron source, which has an average neutron energy of 0.7 MeV. Figure 4 .6 shows a TOF spectrum obtained with this source when the scintillators are 20 cm apart. In this measurement, the PuLi source was enclosed in 1 cm of lead to reduce the gamma-ray flux from this source that produces excessive counting dead time in the data-collection system. For comparison, Figure 4 .7 shows data obtained using an unshielded PuBe source (4.5 MeV average neutron energy) for approximately the same number of neutrons incident on the detector. The neutron detection efficiency is lower with the PuLi source because less energy is available for deposition in the scintillators. As mentioned previously, sources producing low-energy neutrons can be desirable for inducing fission while not intefiering with the measurement of the more energetic fission neutrons. Figure 4 .3 shows the effect of the scintillator separation distance on the TOF spectra obtained using the Pu13esource. For a gap of 30 cm (Figure 4. 3), the neutron peak occurred around 18 ns, whereas for the 20-cm gap (Figure 4.7) , it occurred at about 11 ns.
TOF measurements offer the possibility of being able to distinguish neutron sources based on the energy of the neutrons. Although neutron sources are not monoenergetic, they can be characterized broadly according to their neutron energy. For example, PuBe sources emit neutrons with an average energy of about 4.5 MeV, while fission-neutron sources emit neutrons with an average energy of about 2 MeV. (a,n) ::9 A TOF spectrum should be usefbl in providing information on the energy spectrum from an unknown source, such as a neutron-emitting weapon component in a sealed container. For example, it maybe possible to distinguish a fission spectrum from either a high-neutron-energy (a,n) source such as PuBe or AmBe and a low-energy (a,n) source such as PuLi or AmLi. -T-..--.
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Detailed Analysis of TOF Spectra
The following sections provide an alternative, more detailed analysis of TOF data obtained using the scintillator configuration shown in Figure 4 .1 with the scintillator blocks separated by a distance of 20 cm. Measurements were made on five neutron sources with differing energy spectr~a 137Csgamma source, and backgrounds. All sources were measured using discriminator settings of 65 mV and 100 mV on the signals from the PMTs. In addition, the 252Cfsource was measured at a discriminator setting of 150 mV. Larger discriminator settings require more light detection by the PMTs and generally correspond to larger energy transfer from the neutron to the scintillator.
A detailed analysis of each time-of-flight spectrum was pefiormed to extract the energy spectrum of the scattered neuirons. The first step in the analysis was to normalize the background TOF spectrum to the same counting time interval as the spectrum of interest and then to subtract the background. The sources were generally strong enough such that this correction had very little impact on the data.
The second step was to fit the sum of a narrow Gaussian peak and a wider Gaussian peak to the prompt coincidence peak due to gamma interactions. The fitted region was arbitrarily chosen to be +2.2 ns around the prompt peak. The fitted Gaussian peaks were subtracted from the background-subtracted data only over the region of the fit. In actuality, the fitted region had no influence on the time spectrum of scattered neutrons because only neutrons of greater than 40 MeV were in this region.
The third step in the analysis was to subtract a constant level of accidental coincidences from every channel in the spectrum. The accidental coincidence rate was assumed to be that of the channel with the lowest counts in the vicinity of the longest time intervals (i.e., about 0.17 MeV neutrons). For lack of more detailed knowledge, the accidental rate was assumed to be constant over the time range of interest (50 ns). This correction had a major influence on the TOF spectra for long time intervals.
The fourth step in the analysis was to correct the short time intervals for an assumed exponential decrease in the prompt coincidence peak due to gammas (the "false" neutron counts mentioned in Section 4.0). The exponential was normalized to the intensity of the spectrum at the boundary of the region fit by the Gaussians. The slope of the exponential was varied to give a smooth drop-off of the neutron TOF spectrum as it approached the prompt peak. The exponential shape of the tail of the prompt gamma peak is only an approximation. The resulting neutron TOF spectrum was very sensitive to this correction in the neutron energy region above about 3 MeV-especially for the sources that had a high ratio of gammas to neutrons.
An example of the corrections used in the analysis of the PuLi data taken with the discriminators at 65 mV is shown in Figure 4 .8. In this figure the prompt peak due to gammaray events is located at channel 212, and the neutron-related events are to the left of this peak at the lower channel numbers because the reversal of start and stop signals during data acquisition.
To convert the TOF spectrum to the energy spectrum of scattered neutrons, we use the relation given above (page 4.6) for neutron energy as a fbnction of velocity. A significant problem is the uncertainty in the distance the neutron actually travels between collisions. For simplicity, we have assumed that the average distance traveled is the minimum distance from the midpoint of the first detector to the midpoint of the second detector (25 cm). Besides the uncertainties due to the thickness of the detectors (+2 cm in the thinner detector, +3 cm in the thicker detector), it is most likely that the neutrons travel a slanted path between the two detectors. Our assumed distance of 25 * 5 cm is therefore an underestimate of the actual distance. In the results that follow, we have made no corrections for the distribution of neutron path lengths, but this should be acceptable because our interest is in the relative spectral shapes f?om different sourcesYrather than the absolute TOF spectra.1 TOF Suectra for PuLi. The upper histogram is raw TOF spectrum for PuLi source with d~scriminators at 65 mV~'The middle curve is the same data after subtracting the background, the prompt peak, and the accidentals. The lower histogram shows the result of subtracting an exponential tail due to the prompt peak. The region from Channel 10 to 180 of the lower histogram is the resulting neutron TOF spectrum.
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TOF and Energy Spectra
The effect of the various discriminator settings is illustrated in Fi~e 4.9 for the TOF spectra for the 252Cfsource. The spectra have been normalized to the channel with maximum counts. However, the trend is for the yield to decrease as the discriminators are raised, and there is a slight shift towards more energetic neutrons. The corresponding energy spectra are shown in Figure 4 .10. The discriminators have a small effect on the shape of the energy spectra, but they have a significant effect on the detection efficiency, as will be discussed later.
In Figure 4 .11, we compare the measured energy spectrum for scattered neutrons from the 252Cfsource to the calculated neutron emission spectrum of the source approximated by a Maxwellian distribution with an average energy of 2.14 MeV. The peak of the scattered distribution is at roughly half the energy of the peak in the source spectrum. This is consistent with the expectation that the highest efficiency for the TOF detection system is when the scattered neutron deposits equal excitation energy in each scintillator. Energy Spectra for 252Cf. Heavy curve is calculated energy spectrum for neutron emission from the 252Cfsource based on a Maxwellian distribution with average energy of 2.14 MeV. Light curve is experimental energy spectrum for scattered neutrons in the TOF detector with a discriminator of 100 mV.
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One of the key questions in this work was whether the TOF technique would be able to distinguish different types of neutron sources based on their neutron-energy spectrum. Alpha sources containing Be give neutron spectra with high average energies of about 4.5 MeV. Alpha sources with Li give neutron spectra with low average energies of less than 1.0 MeV. Spontaneous fission sources give average neutron energies of about 2.0 MeV. In Figure 4 .12, we compare the TOF spectra for three sources with different neutron emission spectra. Note that the TOF spectra are very different for each source, which confirms that the TOF technique can easily distinguish these different sources provided the energy spectra of the sources are not degraded by a moderator between the source and the detector.
The PuBe source emits neutrons due to (cz,n)reactions on Be. Only single neutrons are emitted per event, and the neutron-emission spectrum extends up to 10 MeV. The TOF spectrum for the scattered neutrons shown in Figure 4 .12 has a distribution shifted toward short time intervals (high channel numbers) and correspondingly high energies.
The 252Cfsource is an example of a source that emits neutrons only by spontaneous fission. Each spontaneous fission event in 252Cfhas an average neutron multiplicity of 3.76 and an average gamma ray multiplicity of about 8. Thus the TOF spectrum could in principle include data corresponding to "start" and "stop" events arising ilom different neutrons or gamma rays interacting in the two scintillators in addition to events due to scattering of a single neutron. However, there are three factors that reduce the probability of multiple particle events interfering with the 252CfTOF data. First, the source-to-detector distance of 30 cm gives only a 0.08 probability of a particle reaching the front detector due to the geometry. Second, the gamma rays have a small probability of giving pulses large enough to trigger the discriminators. Third, the TOF technique preferentially detects higher energy neutrons so that second and third neutrons from the source are likely to have lower energies and lower detection probabilities. The TOF spectrum for 252Cfshown in Figure 4 .12 has the broadest distribution and is shifted toward long time intervals.
The 239Pu02source is a mixture of neutrons horn spontaneous fission and (a,n) reactions on oxygen. The isotopic composition of the source was used to determine the relative contribution from these two types of neutrons as shown in Table 4 .2. Note that there are about equal contributions from each type. The energy spectrum of the spontaneous fission component of this source is very similar to the energy spectrum fi-om252Cf. However, the neutron energy spectrum for (ujn) reactions on oxygen has a distribution that only goes up to about 3.5 MeV and has a peak at about 2.5 MeV. The TOFs ectrum for the 25? 239Pu02source shown in Figure 4 .12 is intermediate between the PuBe and the Cf spectra. It has a relatively narrow distribution like the PuBe source, but is shifted to lower energies. 
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11474
The energy spectra corresponding to the TOF spectra shown in Figure 4 .12 are given in Figure 4 .13 for the energy region from 0.2 to 2.0 MeV. The differences in the TOF spectra are equally well defined in the energy spectra for the three sources. A puzzling feature of the 252Cf and PU02 spectra is the rather narrow peaks between 0.2 and 0.4 MeV that are not seen in the PuEe spectra. These peaks tend to be observed in the sources with weaker neutron emission rates. Some of the peaks occur at the same energy in different spectraj but not all peaks are in every spectrum. These peaks are not seen in the background spectra. The origin of these peaks is not understood, but they maybe related to gamma interactions from the weaker sources.
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Energy Spectra of Scattered Neutrons with Discriminator at 100 mV. Heavy curve= PuBe. Medium curve= 252Cf. Light curve = PU02.
The energy spectra of scattered neutrons tiom the AnLi and PuLi sources are shown in Figure 4 .14. The narrow peaks below 0.4 MeV show up strongly in the PuLi source, but are not so obvious in the AmLi source. The average energy for the PuLi source (0.7 MeV) is higher than the average energy for the AmLi source (0.3) MeV as stated in Reilly et al. (1991) . However, the spectrum of scattered neutrons from PuLi is clearly shifted to lower energies than the spectrum from AmLi. The peak in the spectrum for AmLi is at remarkably high energy and is comparable to the peak in the 252Cfdistribution. Previous measurements of the neutron spectrum from ArnLi show two narrow peaks below 0.2 MeV and a distribution that extends up to 1.5 MeV (Weaver et al. 1982) . The average energy as measured by Weaver et al. was 0.54 MeV, which is higher than the average energy given by Reilly et al. It seems likely that because the TOF technique preferentially observes high-energy neutrons, the measured spectrum of scattered neutrons reflects the high-energy component of the AmLi emission spectrum.
Fast-Neutron Detection Efficiency
The detection efficiency for fast neutrons was calculated from the TOF spectrum remaining after the corrections for background, accidentals, and gamma peak. The integrated area of the TOF spectrum was divided by the neutron emission rate of the source, the counting the, and the fractional solid angle of the detector to the source. The resulting efficiency thus corresponds to the efficiency after the neutron has reached the front scintillator. Except for the PU02 source, all the source emission rates were determined by calibration against a known 4.14 standard source using an energy-independent detector in a scatter-free location. The strength of the PU02 source was calculated on the basis of the isotopic composition as shown in Table 4 .2. The fractional solid angle was the ratio of the area of the front face of the scintillator to the surface area of a sphere of 30-cm radius. The results of all experiments at a source-to-detector distance of 30 cm are shown in Table 4 .3. Almost all runs were for counting times of 30,000s. Thus, the uncertainties based on counting statistics were negligible. However, the large corrections for background, accidentals, and gamma tail contributed to large systematic uncertainties in some cases. The uncertainties associated with these systematic corrections are difficult to estimate. For simplicity, we assumed that the uncertainty in the number of counts associated with a given correction was equal to 10VO of the number of counts of the correction. The total uncertainty was the square root of the sum of the squared uncertainties for each of the individual~certainties associated with the background correction, the accidental correction, and the exponential tail correction. The total uncertainty in the number of net counts was then used to calculate the uncertainty in the detection efficiency shown in Table 4 .3. The ratio of the uncertainty in the counts to the net counts is shown in the last column of Table 4 .3. These ratios varied from a few percent for the strong, energetic sources (1%.Beand 252C~to over 80'%for weak or less energetic sources. The ratio of uncertainty to net counts is also shown for the *37CS gamma source. In this case, the corrections reduced the net neutron signals at all time intervals to a level that was insignificant compared to the uncertainty in the corrections.
For the 252Cfsource, we have efficiencies measured at three different discriminator settings. These efficiencies are shown in Figure 4 .15. As expected, the efficiencies decrease as the discriminator is increased.
Although the scattering TOF technique is a powerful method to distinguish neutron sources with differing ener~spectra, the efficiencies for fast-neutron detection are not as high as we had anticipated for the high-ener' sources such as PuBe and 252Cf. The maximum efficiency observed in this work was about 1.4°/0for the PuBe source with the discriminator at 65 mV. Although higher efficiencies could be obtained by operating at lower discriminator settings, the contribution of gamma interactions increases rapidly as the discriminator is lowered, which makes the distinction between neutrons and gammas more difficult. With the discriminator set at 100 mV, the efficiency for detecting neutrons from the low-energy PuLi source was a factor of 100 lower than the efficiency for the PuBe source. This confirms our expectation that the scattering TOF technique can be used to monitor fission-spectrum neutrons in the presence of low-energy neutrons from an active interrogation source such as PuLi.
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Fast Neutron Detection Efficiency by Scattering TOF for 252CfSource with Various Discriminator Levels. The lines are drawn merely to guide the eye.
Analysis of TOF Versus PMT Multiplicity
Besides obtaining TOF spectra as a fhnction of discriminator setting, we also measured the TOF spectra as a fi.mction of the number of photomultiplier tubes (PMTs) in a given scintillator that gave a pulse above the discriminator threshold. These data were obtained in a two-dimensional array of TOF spectra versus the multiplicity signal from the constant fraction discriminator module (CF8000). The 2D arrays were recorded separately for the thin scintillator and the thick scintillator, but only the data from the thin scintillator are described here. The 2D arrays were analyzed offline by setting a window on the channels corresponding to only 1 PMT contributing to the event, only,2 PMTs contributing, only 3 PMTs, or only 4 PMTs. Our expectation was that scattering events that deposited a large amount of excitation would trigger several PMTs whereas if only a small amount of excitation energy was deposited, then perhaps only 1 PMT would be triggered. The PMT multiplicity then becomes another way of determining whether the event was caused by a high-energy neutron or a low-energy neutron.
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. -" .__. . -._,,-.,,, . Figure 4 .16, we show the TOF spectra for the PuBe source with discriminator = 100 mV for the case where only 1 PMT was triggered and the case where all 4 PMTs were triggered. For this high-energy source, the number of events involving all 4 PMTs was much greater than the number of events involving only 1 PMT. Similar data are shown in Figure 4 .17 for the PuLi source. With this low-energy source, the number of events involving 1 PMT is greater than the number of events involving 4 PMTs. Thus, the ratio of the number of events triggering 1 PMT to those triggering 4 PMTs is a very strong fimction of the energy spectrum of the source. For all the sources, the number of 2 PMT events and 3 PMT events was less than either the 1 PMT or 4 PMT events. Table 4 .4 gives the 1 PMT to 4 PMT ratio for all the sources measured here. Note that a complete stripping of the TOF spectrum was not ped?ormed for the data in Table 4 .4. Only the accidental correction has been applied, so the ratios given in Table 4 .4 are not quantitatively precise. However, they do illustrate the large differences in this ratio as a fimction of neutron energy. Note that the AmLi source has an anomalous ratio just as its scattered energy spectrum and detection efficiency were anomalous relative to the other sources. Unfortunately, searching for the cause of these anomalies is outside the scope of this work. for PuLi Source with Discriminator= 100 mV. Heavy curve= TOF spectrum when all 4 PMTs were triggered. Light curve= TOF spectrum when only 1 PMT was triggered. 
Possible Future Work
The method to detect fast neutrons based upon multiple scattering in a single piece of fast scintillator needs the development of a faster scintillator than is now commercially available. Adherent Technologies in Albuquerque, New Mexico, is working on new scintillators and may' create one with sufficient performance to enable the pulse width to give a basis for distinguishing neutrons from gamma rays. If a new, fmt scintillator becomes available, it should be tested for fast-neutron response using the pulse-width discrimination method.
TOF provides a presently available method for detecting fiist neutrons and discriminating them from gamma rays. The measured detection efficiency in the tested configuration was about 1%. This efficiency is low for applications such as coincidence counting where coincident neutron flux is also low. Other applications, such as determiningg (at least coarsely) the energy of neutrons emitted from a sealed container, appear to be viable for the TOF technique. Experiments described in this report show that the TOF method can distinguish between neutron spectra categories (such as fission spectra and (cx,n)sources with a Be or Li target). Additional work could include a closer look at the TOF spectral differences between Pu metal and PU02, including the use of additional sources with different 240Pucontents. Future work cotid determine how much useful information on neutron energy is retained in the presence of some moderating material.
The equipment used in the present fast-neutron studies uses a large, light-tight box to enclose the plastic scintillators. If non-laboratory measurements are to be made in the fhture using TOF, the equipment will need to be made light-tight and more readily transportable. 
Conclusion
Fast neutrons that undergo multiple scattering in plastic scintillators offer the potential for discriminating between neutron and gamma-ray events based on a broader pulse width from the neutrons. Experimental results using gamma rays from 137Csand neutrons from 252Cfwere consistent with having broader pulses from neutrons, but the magnitude of the difference was too small to distinguish neutron and gamma-ray events on a pulse-by-pulse basis. The gamma-ray pulses were broader than expected, and no commercial plastic scintillator appears to have the necessary fmt response to produce the needed short pulses from gamma-ray events.
An alternative approach for detecting fast neutrons used scintillators separated by an air gap to extend the travel time of neutrons between successive collisions. Scintillators in this conilgu.ration do not need a particularly fmt response, and discrimination between neutrons and gamma rays is based on TOF. Experiments using two blocks of BC408 scintillator (4x30x30 cm and 6x30x30 cm) separated by gaps of 20 to 30 cm measured the efficiency for fast neutron detection from a 239PuBesource to be about 1'%0. The TOF measurement was also tested with sources that emitted neutrons of different energies. The TOF tiormation, coupled with the multiplicity of photomultiplier tubes that detected the neutron events, provided a method for distinguishing high-energy neutrons from low-energy (not thermal) neutrons.
There are three main conclusions from the work with the neutron-scattering TOF technique.
1.
2.
3.
We have demonstrated that the neutron-scattering TOF technique has about 100 times more efficiency for detecting fast neutrons fi-omhigh-energy sources such as (ct,n) reactions on Be than for fast neutrons from low-energy sources such as (a,n) reactions on Li. The efficiency for neutrons from spontaneous fission is comparable to the efficiency for high-energy sources. This technique may thus find application where fissionable material is actively interrogated with low-energy neutrons. The induced fission neutrons can be counted even in the presence of the active source. The discrimination against gamma events can be greater than 106.
The TOF technique requires time intervals of about 50 ns for the system tested here. To use this technique in a coincidence system with multiple modules would require a coincidence resolving time of about 50 ns. This is fm faster than the standard moderate and capture type of neutron detectors, but is longer than the few ns resolving time that could be obtained from a single plastic scintillator detector. A more serious problem for this technique when considering its use in neutron multiplicity detectors is the low efficiency (1.4°/0)even for energetic neutrons from (ct,n) reactions on Be.
The neutron-scattering TOF technique is very successful in distinguishing neutron sources with different energy spectra. A possible application for this technique would be to distinguish Pu metal, which has only neutrons from spontaneous fission and PuOZ, which has neutrons both from spontaneous fission and (cc,n)reactions on oxygen.
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